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YBa2Cu3O7/La2/3Ca1/3MnO3 superconducting/ferromagnetic (SC/FM) multilayers have been
studied by neutron reflectometry. Evidence for a characteristic difference between the structural
and magnetic depth profiles is obtained from the occurrence of a structurally forbidden Bragg peak
in the FM state. The comparison with simulated reflectivity curves allows us to identify two possible
magnetization profiles: a sizable magnetic moment within the SC layer antiparallel to the one in
the FM layer (inverse proximity effect), or a “dead” region in the FM layer with zero net magnetic
moment. The former scenario is supported by an anomalous SC-induced enhancement of the off-
specular reflection, which testifies to a strong mutual interaction of SC and FM order parameters.
PACS numbers: 74.81.-g, 74.78.Fx, 74.48.+c, 73.21.Ac, 61.12.Ha
Recent advances in fabrication and characterization
of multilayers with nanoscale periodicity based on per-
ovskite oxides have opened a new avenue in the investi-
gation of materials with strong electron correlations [1].
Superlattices composed of ferromagnets (FM) and super-
conductors (SC) are of particular interest because their
mutually exclusive ground state properties can give rise
to novel quantum phenomena [2]. Prominent examples
are the so-called pi-junction effect [3], where the phase
of the SC order parameter is modulated across the lay-
ers, or states with a spatial modulation of the ampli-
tudes of the FM and SC order parameters such as spon-
taneous vortex phases or the Larkin-Ovchinikov-Fulde-
Ferrel (LOFF) state. Experimental signatures include a
non-trivial dependence of Tc on the FM layer thickness
[4, 5] and a complex magnetic phase diagram with reen-
trant SC states.
Extensive earlier work on classical metallic FM/SC
multilayers has verified the pi−junction effect, whereas a
LOFF pairing state has not yet been firmly established.
The work on the perovskite oxide FM/SC superlattices
is motivated by the appealing properties of the cuprate
high Tc superconductors (HTSC) whose high SC critical
temperatures make them potentially useful for technolog-
ical applications. Further, since HTSC are believed to be
susceptible to a variety of competing instabilities, there
is a high potential for novel SC/FM quantum states in
multilayer structures. This research is in its early stage,
and relatively little is known about the nature of mag-
netism at the interface, the spatial distribution of the
magnetization throughout the layers, and the interplay
of FM and SC order parameters in general. Neutron
reflectivity has been a tool of choice in investigating in-
terfaces in thin films and multilayers [6, 7]. In general,
it allows one to probe a potential normal to the surface
which consists of the contributions from the atomic nuclei
Vnuc(z) and the magnetic potential Vmag(z). A periodic
multilayer can be regarded as a one-dimensional crystal
which gives rise to Bragg peaks that provide informa-
tion on the number of layers from the peak width, the
period length from the distance between adjacent peaks,
and the ratio of the individual layer thicknesses from the
relative peak intensities. In addition, the in-plane (“off-
specular”) width of the peaks yields information about
the in-plane magnetization profile. This technique has
provided valuable information on the microscopic mag-
netic properties of classical FM/SC multilayers, but has
so far not been successfully applied to perovskite oxide
FM/SC multilayers.
In this letter we report the first results of polar-
ized and unpolarized neutron reflectivity measurements
on symmetric superlattices (with identical LCMO and
YBCO layer thicknesses) that consist of alternating
layers of the FM colossal magneto-resistance material
La2/3Ca1/3MnO3 (LCMO) and the HTSC compound
YBa2Cu3O7 (YBCO). Symmetric superlattices are well
suited to explore a possible interference between SC and
FM order parameters, because an extinction rule disal-
lows all even-order Bragg reflections if Vmag(z) is spatially
uniform and confined to the LCMO layer. The reflectiv-
ity curves above the FM and SC transitions (T > Tmag
and Tsc) indeed exhibit only odd-numbered Bragg peaks
and testify to the high structural quality of our superlat-
tices (with an rms interface roughness [7] of σ ≈ 5 A˚).
The reflectivity curves exhibit marked changes in the
FM state as well as in the SC state. In particular, the
appearance of a second-order magnetic Bragg peak be-
low Tmag indicates that Vmag(z) either reaches into the
YBCO layer with antiferromagnetic coupling across the
interface or is confined to a spatial range significantly less
than the thickness of the LCMO layer. Both scenarios
are incompatible with a conventional magnetic proxim-
ity effect as proposed in Refs. [8, 9]. An anomalous en-
hancement of the off-specular reflection in the SC state
2indicates a strong mutual interaction of SC and FM or-
der parameters. This lends support to the former model,
where the SC and FM order parameters are in intimate
contact, and disfavors the latter one, where they are sep-
arated by a magnetically “dead” region.
Superlattices of [LCMO(98 A˚)/YBCO(98 A˚)]7 (sample
1) and [LCMO(160 A˚)/YBCO(160 A˚)]6 (sample 2) were
grown by pulsed laser deposition (PLD) on 10 × 10 ×
0.5mm3 SrTiO3 (001) substrates [5]. Their high quality
was confirmed by x-ray diffraction, which showed epi-
taxial growth of the films with the c-axis along (110).
Resistivity and SQUID magnetization measurements re-
vealed a FM transition at Tmag ≈ 165K and the onset
of SC at Tsc ≈ 75K. These values are substantially re-
duced from the typical bulk values of T LCMOmag = 270K
and TYBCOsc = 93K, likely due to the proximity effect.
[4, 5]
Unpolarized and polarized angle-dispersive neutron re-
flectivity measurements have been performed on the 2-
axes diffractometers Morpheus at SINQ and ADAM at
ILL. The polarized neutrons were reflected from the
superlattice into a 3He detector. The samples were
mounted in a closed-cycle refrigerator with a tempera-
ture range from 12 to 300K. The external magnetic field
Hext produced by Helmholtz coils was oriented perpen-
dicular to the scattering plane and parallel to the film
surface.
Figure 1(a) displays unpolarized neutron reflectivity
curves taken under specular condition. The intensity
of the 1st Bragg peak (averaged over the neutron spin
states) exhibits a sizable increase below Tmag. This shows
that the magnetic potential Vmag(z) enhances the con-
trast between the YBCO and LCMO layers, as expected
due to the onset of magnetic order in LCMO. However,
the 1 : 1 ratio of the layer thicknesses dictates that the
even-order Bragg peaks should not be observable if the
FM order parameter is either absent, or spatially uniform
and confined to the LCMO layer. This condition is ful-
filled for the curves at T > Tmag where the 2nd Bragg
peak at qz ∼ 0.07 A˚
−1
(as marked by the shaded area)
is absent to within the noise level. Below Tmag, however,
the 2nd Bragg peak suddenly appears. The magnetic ori-
gin of the 2nd Bragg peak (confirmed by the polarized-
beam data below) is indicative of a substantial difference
between the spatial profiles of the nuclear and magnetic
potentials.
A second kind of remarkable anomaly occurs in the
vicinity of the SC transition. It is best seen in the off-
specular rocking scans at the Bragg positions, as shown
in Figures 1(b) and (c). The off-specular reflectivity is
sensitive to a momentum transfer parallel to the plane
of the multilayer (qx) and thus provides information on
in-plane correlation of the nuclear and magnetic profiles.
The left panel of Fig. 1(b) shows that the off-specular
scattering is weak and nearly temperature independent
(a)
-4
-3
-2
-1
0
0.02 0.04 0.06 0.08 0.1
lo
g
1
0
[R
(q
z
)]
qz (A˚
−1)
↓ 1st
↓ 2nd ↓ 3
rd
15K
150K
200K
(b)
50
100
150
200
250
-1 -0.5 0 0.5 1
1st 500
100
-2 -1 0 1 2
2nd 25
5
T
(K
)
qx (A˚
−1) qx (A˚
−1)
(c) Tsc
Tmag
1
2
3
4
0 50 100 150 200 250
In
te
n
si
ty
/
1
0
0
0
T (K)
1st Bragg peak
2nd Bragg peak
×10
FIG. 1: (a) Specular reflectivity of sample 1 at 200, 170, 150,
120, 100, 70, 50 and 15K, for Hext = 100Oe (field cooled).
Curves are offset for clarity. Bragg peaks are marked by ar-
rows. (b) I(qx, T ) map for the 1st (left) and 2nd (right) Bragg
peaks. (c) T dependence of the 1st (red) and 2nd (blue) Bragg
peak intensities, integrated over qx (◦) and at qx = 0 (×,
scaled by 6).
for T > Tmag. Such diffuse scattering is characteristic of
uncorrelated in-plane roughness of the nuclear potential.
Below Tsc, however, a pronounced broadening occurs,
and weight is transferred from the specular to the off-
specular part. This is readily visible in Fig. 1(c) where
the specular intensity (crosses) of the 1st Bragg exhibits
a strong decrease, whereas the intensity integrated along
qx (circles) increases. The observed trend is indicative of
a profound SC-induced increase in the magnetic rough-
ness. A corresponding trend is observed for the 2nd
Bragg peak as shown in the right panel of Fig. 1(b).
For the 1st Bragg peak we estimate a change of the
3full-width at half maximum ∆qx from 0.6 · 10
−4 A˚
−1
(close to the instrumental resolution) at 75K to about
1.2 · 10−4 A˚
−1
at 15K. This translates into a change of
the characteristic magnetic domain size from more than
15µm at T ≃ Tsc to about 7µm at T ≪ Tsc. These
pronounced SC-induced changes of the in-plane compo-
nent of the magnetic profile are suggestive of a sizable
proximity coupling of the SC and FM order parameters.
SQUID magnetization data (not shown) indicate that the
FM magnetic moments are oriented parallel to the layers
of our superlattices. Orbital effects of the magnetic field
in the SC layers are therefore expected to be weak, and
the dominant interaction is the magnetic exchange cou-
pling. This introduces a spin-splitting of the electronic
states and reduces the SC condensation energy. In re-
turn, the development of the SC order parameter favors
the formation of FM domain boundaries where the pair-
breaking is substantially reduced [10]. The anomalous
decrease in the size of the FM domains therefore provides
a clear indication for a strong proximity coupling between
the SC and FM order parameters. A spontaneous vor-
tex phase (due to a minor perpendicular component of
the FM moments) in the SC layers or the presence of an
unconventional SC order parameter with a spin-triplet
component could also contribute to the off-specular sig-
nal [11]. These scenarios could be tested by mapping
out the off-specular signal in further experiments with
an improved signal-to-noise ratio.
We now describe a quantitative analysis of the mag-
netization profile perpendicular to the layers. We tested
numerous models with the EDXR code [7] that allows
one to compare the calculated reflectivity curves with the
experimental ones. In order to separate structural and
magnetic contributions and to determine the quality of
the interface, the nuclear contribution Vnuc(z) was deter-
mined from the curves at T > Tmag. The obtained indi-
vidual layer thicknesses are 98 A˚ and 160 A˚ respectively,
for samples 1 and 2. The density for LCMO was reduced
by 2% with respect to the bulk value. The interface was
described by a roughness of σ ≈ 5 A˚, which testifies to the
high quality of our superlattices. It is well known that
neutron reflectivity curves lack phase information and
thus cannot be uniquely assigned to a particular density
or magnetization profile. Nevertheless, we are able to
identify only two possible solutions. The main challenge
in selecting an appropriate magnetization profile is to re-
produce the well-defined 1st structural Bragg peak, the
magnetically induced 2nd Bragg peak, and the low inten-
sity of the 3d structural Bragg peak. An extra constraint
is imposed by the marked differences in polarized up-spin
and down-spin reflectivities as shown in Fig. 2(a). While
a wide variety of models are able to reproduce the 1st
Bragg peak, the presence of the 2nd peak demonstrates
that the magnetic potential Vmag(z) cannot simply fol-
low the block-like nuclear profile. In the calculations,
the homogeneous magnetization of YBCO and LCMO
layers was replaced by 48 slices of equal thickness with
individually varying magnetization. Based on extensive
computer simulations, we were able to exclude several
physically meaningful models: (i) An antiferromagnetic
coupling between the ferromagnetic layers would lead to
a doubled period and hence to additional Bragg peaks,
at qz = 0.022 A˚ and at qz = 0.053 A˚ which are absent in
the reflectivity curves. (ii) A magnetic roughness of any
length-scale only leads to a faster decay of the reflectiv-
ity but not to a second Bragg peak. (iii) A conventional
magnetic proximity effect where the magnetization ex-
hibits an exponential decay into the SC layer also fails.
In the following we discuss the only two successful
models for which the magnetization profiles are illus-
trated in Fig. 2(c). Model 1 (left panel) contains a siz-
able magnetic moment within the YBCO layer that cou-
ples antiferromagnetically to the one in LCMO (inverse
proximity effect). Notably, the antiparallel alignment is
essential to reproduce the observed 2nd Bragg peak po-
sitions and intensities. Model 2 (right panel) assumes
a “dead” region with no net magnetic moment (either
paramagnetic or antiferromagnetic) within the LCMO
layer. The resulting fits of the polarized reflectivities us-
ing model 1 are shown in Fig. 2(b). The values of the
magnetic induction thus obtained are BYBCO = 0.6T
and BLCMO = 0.9T (sample 1) and BYBCO = 0.6T and
BLCMO = 1.4T (sample 2). The penetration depth of the
interfacial magnetization profile is of the order of 20 A˚ in
the YBCO layer, and 10 A˚ in the LCMO layer. Similar
fits were obtained with model 2 (not shown) assuming
a thickness of the “dead layer” of ≈ 20 A˚ and magnetic
induction B of 1.1T (sample 1) and 1.5T (sample 2).
While the model calculations do not allow one to dif-
ferentiate between these two cases, we argue that the
anomalous T−dependence in the SC state is a clear in-
dication for a strong mutual interaction between the SC
and FM order parameters and thus strongly favors model
1, which implies close contact between the SC and FM
order parameters. First, we point out that the combined
results of x-ray diffraction, electron microscopy [5] and in
particular neutron reflectivity curves for T > Tmag testify
to the high quality of the interfaces with practically ab-
sent inter-growth and small overall structural roughness
of the order of 5 A˚. The magnetic profiles deduced from
our neutron reflectivity data are therefore not merely due
to interfacial disorder like inter-growth or inter-diffusion.
One might argue that the magnetically “dead layer” in
LCMO, the centerpiece of model 2, could arise from in-
terfacial strain or charge transfer across the interface.
According to the phase diagram of LCMO, this could
introduce an insulating layer with antiferromagnetic or-
der. However, such a “dead layer” would also efficiently
reduce the exchange coupling between the SC and FM
order parameters. Since the FM moments are oriented
parallel to the layers (as demonstrated by SQUID mag-
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FIG. 2: (a) Polarized specular reflectivity of sample 2 at 200
and 15K, for Hext = 100Oe (field cooled). (b) Simulated
reflectivity curves (model 1) and (c) model potentials that re-
produce the experimental data. Left : inverse proximity effect
(model 1) and right : “dead layer” (model 2). δ(z) ∝ V (z) is
the deviation of the refractive index from 1, λ is the neutron
wavelength.
netization data) and the magnetic penetration depth of
the superconductor is very large for this field orientation,
the electromagnetic coupling between FM and SC is also
expected to be negligible.
In contrast, model 1 describes a situation where the
SC and FM order parameters are in close contact and
thus are likely to experience a strong mutual interaction.
Interestingly, the essential feature of model 1, that is, a
thin layer on the SC side which has a net magnetic mo-
ment oriented antiparallel to the one in the FM layer,
has recently been proposed theoretically [12]. According
to this theory, the unusual magnetization profile near the
interface originates from Cooper pairs that have a finite
overlap with both the FM and the SC layers. Heuristi-
cally, the preferential spin alignment of one electron in
the FM layer leads to an antiparallel spin orientation of
the second electron of the spin-singlet pair that resides
in the SC layer. While phase-coherent Cooper pairs exist
only in the SC state, i.e. for T < Tsc, similar arguments
apply for other kinds of itinerant spin-singlet pairs. The
existence of spin-singlet pairs at elevated temperatures
T > Tsc has been indeed proposed in the context of the
unusual normal state electronic properties of the cuprate
HTSC (so-called pseudogap phenomenon) [13]. Our data
are also consistent with recent macroscopic magnetiza-
tion measurements suggesting an antiferromagnetic com-
ponent of the magnetization profile at the YBCO/LCMO
interface [14]. Underdoped cuprates are known to be sus-
ceptible to antiferromagnetic order, and a staggered mag-
netization profile whose amplitude decreases as a func-
tion of distance from the interface would generate a net
magnetization in YBCO, as observed.
In summary, our neutron reflectometry measurements
on high-quality YBa2Cu3O7/La2/3Ca1/3MnO3 multilay-
ers have revealed detailed, microscopic information about
the magnetization profile as a function of in-plane and
out-of-plane wave vectors. The pronounced modification
of this profile at the superconducting transition indicates
a significant proximity coupling between SC and FM or-
der parameters, likely due to exchange interactions. The
findings are discussed in terms of the recently predicted
inverse proximity effect [12].
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